The application of liquid-liquid extraction for the downstream separation of 1,3-propanediol from dilute aqueous solutions has been tested. Preliminary solvent screening was performed using the group contribution method. Experimental verification of the predictions revealed that the distribution of 1,3-propanediol into organic solvents is not good enough to make simple extraction efficient.
Introduction
1,3-Propanediol (1,3-PD) is a chemical intermediate used in organic synthesis and as a monomer for the production of biodegradable polymers (Witt et al. 1994) . Currently it is produced on a relatively small scale by a two-step process involving the hydrolysis of acrolein to 3-hydroxypropanal followed by hydrogenation. Recent efforts to commercialise a new 1,3-PD-based polyester, poly(propylene terephtalate) (Potera 1997) , are expected to boost a demand for this diol.
The production of 1,3-PD from renewable resources is potentially an economically attractive process. 1,3-PD can be produced by fermentation of glycerol by bacteria from several genera including Klebsiela, Citrobacter, and Clostridium (Forsberg 1987 , Homann et al. 1990 , Saint-Amans et al. 1994 . This bioconversion has received world-wide attention due to the surplus of glycerol on the market, generated by the growing oleochemical industry. The recent advances in microbial conversion of glycerol to 1,3-PD have been summarised by Zeng et al. (1997) .
The product inhibition is the factor limiting the bioconversion of glycerol to 1,3-PD. In batch and fedbatch cultures, a maximum 1,3-PD concentration of about 55-70 g l −1 was achieved (Saint-Amans et al. 1994 , Cameron et al. 1998 . Most recently, Cameron et al. (1998) reported on the successful metabolic engineering approach to improve economies of the fermentation process, which allows obtaining the final 1,3-PD titres in the range of 100 g l −1 .
Recovery of 1,3-PD, relatively high boiling and strongly hydrophilic compounds, from the complex and dilute fermentation broths is a challenging task, critical for the development of a commercially viable bioconversion process. Conventional distillation techniques applied to the separation of product from dilute aqueous solutions require a substantial energy input which accounts for high costs of the final product. Thus, it is desirable to seek alternative methods for recovery of 1,3-PD from dilute streams. Replacement of distillation by energy efficient solvent extraction could significantly reduce the cost of the product separation. The selection of a suitable extractant is a crucial factor in each solvent extraction process. Thus in general, liquid-liquid extraction represents a means of achieving more energy efficient separation of the product from the broths, if a suitable solvent can be found.
This project involved a systematic and comprehensive examination of the liquid-liquid extraction potentials for downstream separation of 1,3-PD from dilute aqueous solutions.
Solvent selection
Solvent screening was performed using the Extractant Screening Program (ESP), originally developed by Kollerup & Daugulis (1986) , and described previously for extractive biocatalysis applications (Bruce & Daugulis 1991) . The program uses the UNIFAC (UNIQUAC Functional-group Activity Coefficients) group contribution method to calculate multicomponent liquid-liquid equilibria (LLE) (Fredenslund et al. 1977 , Magnussen et al. 1981 . ESP also contains a database of physical properties for over 1300 extractants, providing ranking of solvents from a range of selectable parameters (distribution coefficient, selectivity, boiling point, aqueous solubility, log P value, etc.). It is a very effective tool in a quick, semiquantitative analysis of multicomponent liquid systems behaviour, and for preliminary selection of promising solvents for liquid-liquid extraction in different applications, e.g. in extractive fermentation (Kollerup & Daugulis 1987 , Barton & Daugulis 1992 , Daugulis et al. 1993 , Malinowski & Daugulis 1993 , 1994 .
Partition experiments
The aqueous feed in these experiments contained 60 g 1,3-PD l −1 and 10 g glycerol l −1 . These concentrations were selected to represent a typical composition of the fermentation broths (Saint-Amans et al. 1994) . Equal volumes (50 ml) of solvent and aqueous feed were equilibrated in a glass separatory funnel at room temperature (≈25 • C). The contents were allowed to settle under isothermal conditions until the phases separated. The 1,3-PD and glycerol contents in the aqueous phase were determined using HPLC (Waters, Milford, MA) with an organic acids column, Aminex HPX-87H-300×7.8 mm (Bio-Rad, Lab.), using the following conditions: sample size, 5 µl; mobile phase 5 mM H 2 SO 4 ; flow rate, 0.5 ml min −1 ; column temperature, 30 • C; detector, refractive index. 1,3-PD and glycerol in the organic phase and solvents in the aqueous phase were analysed on HP5890 Series II gas chromatograph equipped with flame ionization detector and a 15 m HP-50+ column (0.53 mm dia., 1 µm film thickness). The injector and detector were set at 220 and 250 • C, respectively. The oven temperature was programmed from 70 to 165 • C. Helium was used as the carrier gas.
Based on the chromatographic data and mass balance calculations, compositions of each phase were determined. The distribution coefficient D was calculated as the ratio of the solute mass fraction in the organic phase to that in the aqueous phase.
Results and discussion
ESP rankings were performed for the aqueous feeds with two different concentrations of 1,3-PD (60 and 65 g l −1 ) or glycerol (5 and 10 g l −1 ). The mass of the solvent phase was equivalent to that of the aqueous feed. For the recovery of a dilute product, the distribution coefficient is considered to be the most important process parameter determining economic viability. Thus the rankings performed separately for 1,3-PD and glycerol solutions focussed on the mass distribution coefficient and preferential extractants for 1,3-PD were identified.
The separate examination centred on the effects of isomerization and on the addition of functional groups on the effectiveness of alcohols as potential extractants for 1,3-PD.
The addition of carbon groups to a straight chain alcohol usually leads to a decrease of distribution coefficient comparing to the original straight chain. Isomerization could improve partition, but not more than a shift to the next smallest straight chain. Diols tended to be better than monoalcohols in terms of distribution coefficient, but their affinity to glycerol
